There is currently wide interest in room temperature storage of dehydrated DNA. However, there is insufficient knowledge about its chemical and structural stability. Here, we show that solid-state DNA degradation is greatly affected by atmospheric water and oxygen at room temperature. In these conditions DNA can even be lost by aggregation. These are major concerns since laboratory plastic ware is not airtight. Chain-breaking rates measured between 70 C and 140 C seemed to follow Arrhenius' law. Extrapolation to 25 C gave a degradation rate of about 1-40 cuts/10 5 nucleotides/ century. However, these figures are to be taken as very tentative since they depend on the validity of the extrapolation and the positive or negative effect of contaminants, buffers or additives. Regarding the secondary structure, denaturation experiments showed that DNA secondary structure could be preserved or fully restored upon rehydration, except possibly for small fragments. Indeed, below about 500 bp, DNA fragments underwent a very slow evolution (almost suppressed in the presence of trehalose) which could end in an irreversible denaturation. Thus, this work validates using room temperature for storage of DNA if completely protected from water and oxygen.
INTRODUCTION
There is currently a wide consensus for the need to preserve DNA. Among other aims, DNA samples need to be stored, sometimes in huge numbers, for constituting biorepositories and preserving genetic diversity, for large-scale genetic studies and for medical, clinical, pharmaceutical and forensic applications. In view of the exponential increase in the number of samples to be stored, classical storage in freezers appears cumbersome, costly and not without risk of failure. Therefore, room temperature storage is currently an alternative gaining an increasing interest.
However, dehydration cannot really be considered as an effective room-temperature conservation procedure unless more information about the stability and storage life of dehydrated DNA is acquired. In this introduction, we review relevant data regarding DNA degradation. Since degradation kinetics have mostly been based on measuring chain breaks, we pay particular attention to DNA alterations which are not directly related to or not causing DNA chain breaks. We refer to work conducted in vivo and in solution, leaving aside events related to alterations due to light, ionizing radiation and xenobiotics. For reviews about DNA degradation see for instance refs. 1-5.
In vivo studies
In vivo, DNA is degraded mainly by water and reactive oxygen species (ROS). Hydrolysis mainly leads to single-strand breaks following depurination. It also causes base deamination which is not followed by chain breakage [for instance cytosine can be converted into uridine (6) ]. Other pathways including removal of pyrimidines (7) or phosphodiester hydrolysis (8) are much slower. Oxidation concerns both sugar and bases: attacks on deoxyribose generally lead to chain breaks or to formation of abasic sites; attacks on the bases generate a wide variety of modifications; some of them lead to the rupture of the N-glycosidic or phosphodiester bond, but the major modifications (8-oxo-gua and thymine glycol) do not. For reviews see refs. 4,9,10.
In vitro studies (solution)
Numerous studies on DNA degradation in solution have demonstrated that the main degradation pathway is an acid-catalyzed, water-independent, cleavage of the N-glycosidic bond, followed by water addition on the 2 C of the sugar at least at acidic or moderate pH. Subsequently, base-catalyzed b-elimination removes the phosphate (11) (12) (13) (14) . Direct elimination of the base has also been observed for guanine, but not for adenine (15) . Oxidation also exists in solution. It results from ROS generated from triplet oxygen and water in the presence of catalyzing impurities such as metal ions or lipids (16, 17) . Base oxidation (16, 18) and direct strand breaks (11, 19) have also been observed. However, as in vivo, oxidation of bases is generally not immediately followed by the rupture of the phosphodiester or N-glycosidic linkages (4, 20, 21) . This is especially the case with the major oxidation product, 8-oxoguanine (9). 8-oxoguanine can further react with lysine to give DNA-protein cross-links (22) . In some rare instances, DNA-DNA cross-links induced by oxidation have been reported (23, 24) .
Ancient DNA
The fact that DNA is more stable in a solid state ('solid state' defines DNA that is no longer dissolved without necessarily being totally anhydrous) than in solution is widely accepted, although a few studies have reported that desiccation induces strand breaks and cross-links in spores (25) . There are many examples of DNA preservation by various desiccation procedures (precipitation in ethanol, air drying or lyophilization) (26) . Spectacular examples of this stability are the retrieval, polymerase chain reaction amplification and sequencing of DNA from up to 80 000-year-old biological remnants (27) (28) (29) (30) . It was found that besides being heavily fragmented, this ancient DNA contained large amounts of oxidized (28) or hydrolyzed bases (31) and interstrand cross-links (32) (33) (34) (35) . DNA-protein cross-links have also been reported to be a secondary consequence of oxidation (36, 37) .
These observations are strong support for the possibility of room-temperature conservation of DNA since, unlike ancient DNA, purified dehydrated DNA can be protected from water and oxygen. It should not suffer from either early post-mortem damage (through autolysis and microbial attacks) or contaminants that catalyze oxidation and lead to cross-links through the Maillard reaction (32, 33) .
Solid-state DNA degradation mechanisms and kinetics
There are few data on the mechanism(s) of DNA degradation in more controlled conditions. Depurination has been observed and depurination rates were measured on heated vacuum-dried DNA (38) . In addition, depurination and rapid subsequent chain cleavage in oligodeoxynucleotides were observed by using various mass spectrometry techniques (39) (40) (41) .
Atmospheric oxygen has been found to accelerate DNA decay in lyophilized rat liver, but not if the tissue was delipidated before storage. Likewise, there is no evidence for increased breakage from oxidation in dried purified lambda DNA (42) . Working on aged desiccated colonies of Nostoc communae, Shirkey et al. (33) observed cross-links produced by Maillard products, but no detectable increase in the level of oxidized bases. It has also been reported that dehydration leads to DNA-protein cross-links in spores (25) . In lyophilized pharmaceutical plasmid preparations, ROS production and probably oxidation could be modulated by addition or complexation of metal ions, but practically no effect on chain-breaking was observed (17, 43) .
In vacuo, the bases themselves are quite stable since it has been shown in pyrolysis experiments that while DNA is completely destroyed in a few minutes above 180 C (44), bases can be recovered after several hours of heating at 250 C (45) or 5 min at 450 C (46) . Various thermal decomposition experiments indicate that, in gas phase, nucleosides are much less stable than bases and that N-glycosidic linkage is the most fragile site (5, 45, 47, 48) . More generally, studies on oligonucleotide fragmentation have revealed multiple possible mechanisms of chain breakage, most of them involving a preliminary base loss, for a review see ref. 41 .
Solid-state reaction kinetics have been thoroughly studied, for instance on pharmaceutical preparations (for reviews, see refs 49 and 50). Several general observations are relevant to our topic. First, the reaction mechanisms occurring in solution are generally maintained in the solid state. In particular, acid-catalyzed reactions in solution still occur in the solid state. This is related to 'pH memory' due to the fact that when protonated in solution, a chemical group remains protonated in the solid state (51, 52) . Second, establishment of a solid state leads to a strong decrease in molecular mobility and consequently in chemical reactivity. This effect can be increased by using additives such as trehalose, which creates a vitreous matrix (53, 54) . Third, residual water can act either as a reactant or as a 'plasticizer' by increasing molecular mobility (50, (53) (54) (55) .
Regarding DNA, information from samples extracted from fossils or museum specimens are difficult to use because of the immediate post-mortem degradation events. Cherng et al. (56) reported that desiccated DNA could be stored for 10 months without visible degradation at room temperature. On the contrary, Shirkey et al. (33) showed that dried DNA stored over P 2 O 5 underwent strong degradation in <72 h unless trehalose was added, and that even in the presence of the latter, degradation was quite evident after 17 days. However, the assay of Cherng et al. (genomic DNA sizing by nondenaturing agarose electrophoresis) is much less sensitive to degradation than that of Shirkey et al. (33; relaxation of a 12-kb plasmid). In the same paper, it was reported that DNA underwent aggregation in the absence of trehalose. Lyophilized plasmid DNA has also been used to study rates of chain breakage at room temperature, 40 C and 60 C (17, 26) . Strangely enough, these rates were almost insensitive to temperature (Figures 10 and 11 ). This apparent discrepancy is discussed in the section 'Temperature dependence of chain-breaking rate: effect of residual water'. On the contrary, another study (38) showed that the kinetics of depurination of 'vacuumdried' DNA followed Arrhenius' law between 97 C and 180 C.
Solid-state DNA secondary structure (40) . On the contrary, double-stranded homopolymers do not denature (65) (66) (67) . This difference could be due to differences in electrostatic interactions between double helices induced by removal of water (68-70) (for a review see refs 57 and 71). Dehydration-induced denaturation is entirely reversible upon rehydration unless the dried DNA has been heated (44) . This loss of reversibility indicates that there exists a possibility of evolution over time of the DNA secondary structure; however, no study has yet been carried out on the evolution of solid-state DNA secondary structure. By contrast, poly(dG)poly(dC) denaturation upon heating is reversible (67) . It has also been reported that trehalose has a strong stabilizing effect on DNA secondary structure. In the presence of trehalose, solid-state natural DNA, even heated to 120 C, does not denature (72) . This stabilization effect has been explained by a screening of the negative charges by trehalose binding to the phosphates (water replacement hypothesis) or a network built by hydrogen bonding between trehalose and DNA, which reduces the structural fluctuations of DNA (vitrification hypothesis) (72, 73) . This will be discussed further in the 'Results and discussion' section in the section on secondary DNA structure.
Finally, a molecular dynamic simulation has been used to study DNA double helix in the gas phase. Rueda et al. (74) concluded that in vacuo, the DNA helix is highly distorted with a very elongated conformation. Part of the base pairing is lost, the stacking being maintained with the bases protruding outside the helix. However, these conclusions strongly depend on how the DNA molecule is considered to be charged. If the DNA is fully charged, no helical structure is maintained.
In summary, removal of water increases DNA chemical stability first by inhibiting hydrolysis and oxidation and second by decreasing molecular mobility. Conversely, residual water may act as a plasticizer as well as a reactant or a catalyst. The fastest degradative event in the solid state seems to consist in an acid-catalyzed, water-independent base loss followed by or simultaneous to chain breakage via a variety of mechanisms not necessarily involving water. However, oxidation, cross-linking and the action of many agents, some possibly stabilizing (for instance, Tris or trehalose) (33, 75, 76) or more generally destabilizing (such as metallic ion contaminants), cannot be neglected. Finally, dehydration of natural DNA leads to a strong distortion of its secondary structure, probably ending in reversible denaturation.
Here, we report an empirical study that evaluates the physico-chemical stability and the lifetime of DNA at low hydration with the final aim of establishing and validating conditions for long-term room-temperature storage.
MATERIALS AND METHODS

DNA preparation
We purposely used standard DNA extraction procedures in order to work with the DNA quality generally used in most laboratories.
Plasmids (pBAD and pcDNA3, 5.4 kb or pEGFP, 4.9 kb) were produced in Escherichia coli. The transformed bacteria were cultivated in Luria Bertani (LB) broth containing 50 mg ml À1 ampicillin. The plasmids were isolated via alkaline lysis according to (77) and purified using a silica column (Qiagen or Promega). The pEGFP plasmid was desalted on Sephacryl Õ S-400 before use. They were stored at 4 C or -20 C. Equine genomic DNA was extracted from blood using the Puregene Õ kit (Gentra) according to the manufacturer's instructions or a standard phenol:chloroform protocol. Briefly, red blood cells were lysed by a 0.16 M NH 4 Cl, 10 mM KHCO 3 and 1 mM EDTA solution at room temperature. Then white blood cells were lysed overnight at 37 C in 5 mM NaCl, 2 mM EDTA, 1% SDS and 100 mg ml À1 proteinase K. Two phenol:chloroform:isoamyl alcohol (25 : 24 : 1) extractions were performed and followed by a chloroform:isoamyl alcohol (24 : 1) extraction. To the aqueous phase were added 2 vol. of absolute ethanol and 0.1 vol. of 5 M NaCl for precipitating the DNA and the pellet was washed with 70% ethanol. DNA was finally dissolved in TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA) and stored at -20 C or À80 C.
Agarose gel electrophoresis and determination of supercoiled plasmid content
Plasmid DNA (250 ng) or genomic DNA samples (250 ng to 2 mg) were loaded onto 0.8-1% agarose gels and submitted to electrophoresis in TAE 0.5 Â (40 mM Tris acetate, 1 mM EDTA) electrophoresis buffer. Gels were stained 30 min in 0.5 mg ml À1 ethidium bromide or in 1/10,000 SybrGreen Õ I (Molecular Probes). Gels were photographed with a Visiomic digital Imaging apparatus (Genomic, Archamps, France) equipped with an ethidium bromide or Sybrgreen Õ fluorescence filter (555 nm). The images were analyzed with the Kodak Digital Science 1D Image analysis software. The fluorescence intensity of supercoiled plasmid and the sum of the fluorescence intensities of relaxed and linear forms were measured.
The proportion of supercoiled plasmid (SC content) in the samples was calculated either directly from the fluorescence intensity values with Sybrgreen Õ stained gels, or by correcting (for the ethidium bromide-stained gels) the fluorescence intensity of the supercoiled form by 1.4 factor as previously described (78) . Alternatively, (for both dyes) SC content was calculated by reference to standards (supercoiled, relaxed and/or linear plasmid) run in the same gel. In our conditions, differences in rate constants between these methods were negligible. For an example, see Supplementary Data S1 (Plasmid degradation in solution). The kinetic constants were classically determined by fitting the curves to data points assuming an exponential decrease (11, 79, 80) Supplementary Data S2 (Statistical analysis)].
Melting curves
DNA melting was monitored by UV absorption on a Uvikon 940 spectrophotometer with a thermostated cell holder connected to a Huber cryothermostat driven by a Huber PD410 programmer, as described by (81) . The temperature was measured by means of a Pt probe immersed in a water cuvette placed in the sample holder. Samples (6 mg) were diluted in cacodylate 20 mM sodium, 1 mM EDTA buffer, pipetted into 1-cm path length quartz cuvettes and preincubated in the cell holder at 25 C for 30 min. The temperature was raised 0.5 C/min from 25 C to 95 C.
Hyperchromicity measurements
A 260 nm of samples was measured before (native) and after heat denaturation and immediate cooling in ice (denatured). The relative hyperchromicity was defined as either: (A 260, denatured -A 260, native )/A 260, native when looking for cross-links or (A 260,denatured -A 260, native )/ A 260, denatured when looking for denaturation. We checked the linearity and the sensitivity of this assay by applying it to a series of mixtures of native and previously denatured DNA ( Figure 1 ).
Detection of apurinic (AP) sites by cleavage with APE-1
Preparation of a partially depurinated DNA control. Using the method described in (12) , pBAD plasmid DNA (0.5 mM nt) was partially depurinated by heating 15 min at 70 C in 0.1 M NaCl, 0.01 M sodium citrate and 0.01 M Tris-HCl at pH 5.2. Depurinated DNA was then precipitated 2 h at -20 C with 2 vol. of absolute ethanol, 0.1 vol. of 5 M NaCl and 1 ml of 20 mg ml À1 glycogen. After a 20-min centrifugation, the pellets were washed three times with 70% ethanol and suspended in deionized water.
Cleavage at apurinic sites. Human apurinic/apyrimidinic endonuclease Ape-1 (New England Biolabs) was used to cleave the phosphodiester backbone immediately 5 to an AP site to generate a single-strand DNA break according to the manufacturer's instructions. The samples were analyzed by agarose gel electrophoresis and ethidium bromide staining. The number of cleaved sites was estimated from SC content as described.
Measurement of 8-oxodG
For a 155-ml final volume, DNA (15-60 mg) was incubated with 21 ml of nuclease P1 buffer (300 mM sodium acetate and 1 mM ZnSO 4 pH 5.3) and 10 ml (10 units) of nuclease P1 at 37 C for 2 h. Dephosphorylation of samples was achieved by the addition of 23 ml of 500 mM Tris-HCl and 1 mM EDTA pH 8.0 buffer and 1 ml (1 unit) of alkaline phosphatase (Roche) at 37 C for 1 h. About 100 ml of the hydrolysate were analyzed by HPLC-EC.
High-pressure liquid chromatography/electrochemical detection (HPLC-EC) measurement of 8-oxodG was performed with a Beckman Series pump system equipped with a pulse damper, a cooling autosampler and a spectrophotometric detector connected to a Kontron amperometric detector. The electrochemical cell was equipped with a glassy carbon working electrode operating at 650 mV versus an Ag/AgCl reference electrode. The system was operated at 0.5-nA full-range detection. The deoxynucleosides was detected at 254 nm. HPLC separation was obtained on an Uptisphere ODB C18 column (5-mm particle size, 250 Â 4.6 mm) equipped with an Ultrasphere ODB C18 guard column (5-mm particle size, 50 Â 4.6 mm) (Interchim,). The mobile phase used for isocratic elution of 8-oxodG was composed of 12.5 mM citric acid, 15 mM sodium acetate, 30 mM NaOH pH 5.3 with 10% methanol at a flow rate of 0.8 ml/min. The injection volume was 100 ml. The dG concentration was estimated from the UV peak and the 8-oxodG concentration from the electrochemical signal. Results are expressed as the number of 8-oxodG residues per 10 6 dG. To calculate the 8-oxodG formation rate per nucleotide, we first corrected the measured value by the dG content of mammalian DNA (we took 21.5% for all of them). Then, considering that the level of 8-oxodG was always below 1% of the amount of dG, meaning that we were in the linear part of the kinetics, we calculated oxidation rates by simply dividing the values obtained (after subtracting the corresponding control) by the incubation time in seconds.
For addition of ferric ions, we prepared 35-mg DNA aliquots in 118 ml TE containing 40 molecules of trehalose per nucleotide and a large excess (89 equivalents per nucleotide) of Fe 3+ ions. The aliquots were vacuum-dried as described below.
DNA dehydration, incubation conditions and rehydration
Dehydration and rehydration. About 10-20 ml of a plasmid DNA solution (1-5 mg of DNA) were deposited on the bottom of 0.2-ml cylindrical glass inserts. All samples were vacuum-dried for 30 min to 1 h (Thermo Savant) before incubation. In most experiments involving heating, DNA was dried in the presence of trehalose (40 molecules per nucleotide). Trehalose was included because we noticed that when DNA was stored in air, most of the material was occasionally impossible to redissolve, probably because of irreversible aggregation or adsorption, as previously noted by others who also showed that trehalose could prevent this phenomenon (33, 82) ; Supplementary Data: S3 (Aggregation and inhibition by trehalose) and also the section 'Evolution of DNA secondary structure of dehydrated DNA'.
For rehydration, vials or tubes were opened and inserts were placed in 1.5-ml microtubes. Samples were then rehydrated with water or TE buffer at room temperature or by two successive 15-min incubations at 37 C.
Incubation conditions.
(i) Open air (generally around 50% RH): the inserts were placed in capped or uncapped 1. Empty containers were weighed in parallel as controls (data not shown).
Use of P 2 O 5 . Phosphorus pentoxide was effective at room temperature. However, we occasionally noticed a rapid degradation of DNA samples (data not shown). This was probably due to P 2 O 5 dust, because this effect was prevented by covering the insert with aluminum foil. This probably explains why P 2 O 5 seemed to accelerate DNA degradation, as reported in the literature (33) . When heated to 90 C in closed bottles, we witnessed a browning of the plastic tubes and an acceleration of DNA degradation. This was probably due to traces of vapor emitted from heated P 2 O 5 or phosphoric acid (boiling point: 158 C).
Accelerated degradation studies
Vacuum-dried samples were heated at temperatures ranging from 70 C to 140 C either in an oil bath or in an oven equipped with a sand bath. A thermometer was placed in an empty insert to control the inner temperature of the samples. Samples were sequentially removed from the oven or water or oil bath, quickly cooled on ice, and stored at 4 C until rehydration and DNA analysis. The first time point (for time 0) was taken after allowing the sample to reach temperature (and/or hygrometry) equilibrium.
Preparation of different-sized DNA
Genomic DNA fragments of different sizes were obtained by sonication (Branson sonifier 150) at power 3. DNA fragment sizes were checked by agarose gel electrophoresis.
RESULTS AND DISCUSSION
Initially, the work reported here was aimed at estimating the lifetime of dehydrated DNA. Considering that the DNA degradation rate is too slow to be conveniently measured at room temperature, we ran DNA chainbreaking kinetics at temperatures ranging from 70 C to 140 C. Chain-breaking was monitored by measuring the relaxation of a supercoiled plasmid. However, the chain-breaking rate is not the only parameter of the degradation rate since many base modifications do not generate chain breaks. Most of these modifications are caused by chemicals and are not relevant here. However, some others, mainly cross-links or oxidized bases, can either bias or prevent further DNA analysis, for instance, by impeding the action of DNA polymerases (34, 83) . Therefore, DNA stability is overestimated because of cross-linking and oxidative events. We have designed experiments to estimate the level of these events.
DNA-DNA cross-links
To be able to detect cross-links in the context of degradation, we worked on two different-sized DNA. Calf thymus DNA samples (average single-strand sizes: 2000 nt and 500 nt) were heated in air at 110 C in the presence of trehalose. At each time point, the absorbance of the sample was measured immediately after rehydration (native) and then after heating to 95 C and rapid cooling (denatured). Figure 3A shows the relative hyperchromicity for samples of both sizes as a function of heating time at 110
C, while Figure 3B shows the average fragment size for the longer fragment. This size decreased at a rate in agreement with the rate calculated from the plasmid relaxation data ( Figure 10 ) (plasmid relaxation should not be affected by a moderate number of cross-links). This indicated that cross-links were not as abundant as chain breaks. However, in both samples, there was a decrease in hyperchromicity with a stronger decrease in the shorter ). The dotted line represents the decrease in average fragment size calculated from plasmid degradation data (degradation rate: 3.5 Â 10 À9 s À1 nt À1 at this temperature). Some error bars are smaller than the symbols.
fragments. This was not due to cross-linking but rather to the appearance in the samples of denatured DNA, with a larger proportion in the smaller samples. This is dealt with in greater details in the section devoted to the evolution of the secondary structure of DNA.
8-oxodG measurements
DNA oxidation was assessed by measuring the amount of 8-oxodG in DNA. Figure 4 shows the results obtained from controls and from DNA samples stored or incubated in various conditions. First, at 100 C, in air, the production rate of 8-oxodG in DNA dried from a TE solution was 1.2 Â 10 À10 s À1 nt À1 , which is about 200-fold lower than the solution rate interpolated from (16) ). This could mean that oxidation necessitated only a low concentration of oxygen to occur. Fourth, atmospheric humidity accelerated the rate of oxidation 100-fold and 30-fold between 1.4% RH to 75% RH in TE and phosphate buffer, respectively. Addition of a saturating amount of Fe 3+ ions also seemed to enhance the rate of oxidation. In summary, on one hand, DNA oxidation did occur in air, and, on the other hand, the presence of water accelerated the rate of oxidation.
However, while in vivo, 8-oxodG formation is widely considered as a major DNA oxidation product, the situation could be quite different in the solid state. Future work will therefore adopt more general approaches such as the use of enzymes (e.g. Endo III/EndoVIII, UNG, etc.) able to detect oxidized or modified bases and the chemical analysis of the DNA degradation products.
Control for the absence of accumulation of abasic sites during DNA heating at low hydration
It may be thought that acid-catalyzed depurination is still present in the solid state. Indeed, mechanisms occurring in solution have generally been shown to be maintained in the solid state (for a review see ref. 49) , and depurination has been observed in vacuo or in solid-state DNA (38) (39) (40) . It is possible that at low hydration, subsequent chain breakage does not occur or occurs very slowly leading to accumulation of abasic sites. To estimate the extent of accumulation, we used the Ape enzyme to reveal apurinic sites in heated DNA. À1 is used only to normalize the rates to one nucleotide to make the reaction rates independent of the size of the molecule.
These data showed first that the positive control had been significantly depurinated and that the enzyme treatment detected the depurinated positions, and second, that mere drying did not induce breaks at abasic sites.
When the plasmids were incubated at 118 C for 1 and 2 h, the difference between Ape-treated or untreated depurinated plasmid disappeared almost completely. Therefore, upon heating all the previously depurinated sites had been cut. Moreover, the heated undepurinated plasmid lost 60% and 61% of SC content, respectively before and after Ape treatment, suggesting that no abasic sites had accumulated during the treatment at 118 C. The same was true for the depurinated plasmid, the difference before and after Ape treatment being insignificant. This meant that any existing abasic site had been cut upon heating and that no accumulation was detectable in the conditions we used for our kinetics.
Chain-breaking in air at different relative humidities, at 70 C or room temperature
We first compared DNA degradation rates at 70 C. Figure 6A shows that at 75% RH, the SC content dropped 10 . In a separate experiment, we measured the degradation rates as a function of RH to check for an eventual threshold below which the degradation rate would no longer depend on water content. RH was varied from 75% to an estimated 5%. Indeed, at room temperature and in open air, increasing temperature from 25 C to 70 C increases 10-fold the saturating water vapor pressure, leading consequently to a 10-fold RH decrease. In usual laboratory conditions, this leads to an RH decrease from 50% to 5% and a concomitant decrease in DNA-bound water content according to the isotherms of binding water to DNA (44, 84) . Such a water release was confirmed in C and above, we could no longer detect DNA-bound water. Figure 6B shows that between 75% and 5%, the chain-breaking rate decreased almost linearly with RH so there was probably no threshold, although it could not be formally excluded that such a threshold existed for a value below 5%. We also noticed that the water rate dependency was very different for oxidation and chain-breaking. This could be expected since water is likely to have different actions on these two phenomena (see discussion below in the 'Temperature dependence of chain-breaking rate: effect of residual water' section).
In a second series of experiments, in order to optimize the conservation conditions, we compared chain-breaking rates at room temperature in the presence or absence of trehalose, in open or closed tubes, in closed tubes inside a box containing CaCl 2 and in vials crimped under a dry argon atmosphere. Figure 7 shows that in all the conditions tested, DNA degradation at room temperature was rather fast and that, surprisingly, stability was not increased in the crimped vials or only marginally in the presence of CaCl 2 .
These facts led us to conclude that our different containers, and especially the crimped vials, were not fully airtight. This was confirmed by a series of gravimetric controls ('Materials and methods' section, Figure 2 and ref. 85 ). We then concluded that in all the closed containers we were using, a constant and rather rapid exchange with the outside atmosphere was taking place and that, in the box, water absorption by CaCl 2 was too slow for this desiccant to have more than a slight impact on the internal RH. The experiment was then repeated with glass bottles containing the more potent desiccant P 2 O 5 . Figure 8 clearly shows that stability was improved to the point that no degradation could be detected after a 2-month period, while at 75% RH or under ordinary atmosphere, the degradation clearly appeared.
The degradation rates measured at room temperature varied from 1.4 Â 10 À12 s À1 nt À1 to 1.1 Â 10 À11 s À1 nt À1 . They were in good agreement with those determined by denaturing gel analysis of high molecular weight genomic DNA stored for 7 years at room temperature without trehalose in crimped vials: 3.3 Â 10 À12 ± 0.6 Â 10 À12 s À1 nt À1 . Although originally crimped in anoxic and anhydrous atmosphere, these samples had to be considered as stored in air most of the time [see Supplementary Data S5 (Determination of genomic DNA degradation rate in air and at room temperature)]. These figures were about 10-fold higher than the rate of 8-oxodG formation in air at room temperature (2.3 Â 10 À13 s À1 nt À1 ). However, since 8-oxodG is considered to be only 5% of the oxidized bases, hidden oxidative lesions at room temperature could appear at roughly the same rate as chain breaks.
Regarding trehalose action, although this sugar was clearly useful to prevent DNA losses [see Supplementary data S3 (aggregation and its prevention by trehalose)], it did not show any clear improvement regarding its ability to protect DNA against degradation.
Temperature dependence of chain-breaking rate and effect of residual water Degradation kinetics were run at temperatures ranging from 70 C to 140 C. A first series was run in open air in the absence of trehalose. A second series ( Figure 9 ) was run with a different plasmid in the presence of trehalose in vials crimped under anoxic and anhydrous atmosphere. However, we belatedly realized that the second series of samples also had to be considered as having been run in air because of the lack of air tightness of the vials. As explained in 'Materials and methods' section, it was not possible to run kinetics in the presence of P 2 O 5 .
In Figure 10 , log 10 (k) obtained from all the kinetics were plotted as a function of 1/T.
First, we determined that the chain-breaking rate at 100 C was 1.2 Â 10 À9 s À1 nt À1 while according to Figure 4 , the 8-oxodG production rate was 10-fold lower: 1.2 Â 10 À10 s À1 nt À1 . This likely meant that in these conditions, the overall oxidation rate was again similar to the chain-breaking rate.
Second, considering the temperature dependence of the chain-breaking rate, several parameters have to be taken into account. According to the literature and the experiments reported above, two main pathways lead to DNA degradation in air: oxidation and acid-catalyzed depurination (or direct elimination). With regard to chain-breaking, oxidation is probably a minor pathway because chain-breaking in the solid state is almost insensitive to the presence of metal ions (17) . At high temperatures, DNA is almost completely dehydrated and lowering the temperature induces two opposing effects. On the one hand, there is a tendency for the degradation rate to decrease due to a decreased molecular mobility and chemical reactivity according to Arrhenius' law. On the other hand, the water content increases. Water tends to accelerate degradation rates through a 'plastifying' effect that enhances molecular mobility and by acting as a reactant for hydrolysis or the production of ROS. This combination should be noticeable even in closed vials if the preparation containing DNA is not completely dried and if its volume is much smaller than the volume of the Figure 8 . Plasmid relaxation at room temperature and low hydration. Triplicate plasmid DNA samples, with or without trehalose, were vacuum-dried in 0.2-ml glass inserts and placed in 1.5-ml tubes. The tubes were kept in open air or placed in bottles containing P 2 O 5 with vacuum grease-coated caps, each bottle containing only one tube to avoid water uptake during removal of tubes. After incubation, samples were rehydrated, submitted to electrophoresis on agarose gel and their supercoiled content was determined after Sybrgreen Õ staining. The controls were plasmid samples kept in solution at 4 C or vacuumdried and kept at -20 C and run on the different agarose gels. Figure 9 . Degradation kinetics at various temperatures. In this example (second series), plasmid DNA samples containing trehalose were vacuum-dried and sealed under controlled anhydrous and anoxic argon atmosphere (but due to leakage, these conditions were maintained only briefly, see text). The crimped vials were heated at temperatures ranging from 70 C to 140 C, DNA samples were rehydrated and the SC contents were determined on Sybrgreen Õ -stained agarose gel after electrophoresis ('Materials and methods' section). The first and second panels show respectively data for 70 C and 96 C and for temperatures ranging from 104 C to 131 C.
container. Both situations have been encountered (26, 86) . Water can also originate from additives such as trehalose added to DNA in large amounts. Above 70 C, the temperature dependence of the chain-break kinetic constants followed the Arrhenius model. This means that either the base depurination pathway was predominant over oxidation-induced chainbreaking or that both reactions had similar activation energy, the latter hypothesis being less likely. At lower temperatures, the data points drawn from our experiments and from Anchordoquy and Molina's data (stars on the graph) are systematically above the straight line. In addition, as the temperature decreases, the deviation is greater.
This situation is to be expected from the abovementioned discussion and it can be concluded that above 70 C and even more above 110 C, the chainbreaking rates were relatively independent from water and that the value (4.6 Â 10 À15 s À1 nt À1 ) obtained by extrapolation between 70 C and 140 C could be tentatively taken as corresponding to the chain-breaking rate at room temperature in the absence of water. Furthermore, in the absence of oxygen and consequently without oxidation, this likely remains true, so this rate might approximate the actual degradation rate at room temperature in the absence of both oxygen and water. À1 respectively, depending on whether we take all the data into account or not. These activation energies were different from those found for depurination and oxidation (27-31 kcal/mol) (11, 13, 14, 16) , probably because of the contribution of molecular mobility. Quantitative data from ours and from literature are compiled Figure 11 .
Evolution of the secondary structure of dehydrated DNA Another parameter to be considered for roomtemperature conservation is the secondary structure of solid-state DNA. Previous studies have shown that, at room temperature, natural DNA undergoes a reversible denaturation upon dehydration. We confirmed this reversibility since melting curves run on high-molecular-weight molecules and samples fragmented to an average of 5 kb ( Figure 12A) were undistinguishable from the undried DNA control.
The experiment reported in Figure 12B extended this observation to smaller fragments. However, the results in Figure 3 suggested that upon heating at 110 C, some of the small DNA fragments underwent irreversible denaturation. For this reason, we studied the double-strand content in DNA fragments as a function of RH, fragment size, heating time, temperature and presence or absence of trehalose. Figure 13A shows that in the absence of trehalose at 110 C, 200-400-bp fragments underwent an almost complete loss of reversibility of denaturation in 2-4 h. Figure 13B shows that the rate of loss was considerably lower in the presence of trehalose at 70 C. As expected, the kinetics at 110 C, 70 C and 37 C showed that this phenomenon was also strongly temperature dependent. Figure 13B and C show that the rate of loss was very similar at 28 and 75% RH. However, more experiments run at other humidity levels should be performed before concluding that the phenomenon is RH-dependent or -independent.
To the best of our knowledge, this is the first time such an evolution of solid-state DNA has been reported. In the absence of trehalose, this may have some consequences for short fragments. However, for long fragments, the time required for the phenomenon to appear would be extremely long at room temperature.
These findings could be interpreted as follows. By removing the screening effect of water, dehydration might allow phosphate repulsion to overcome hydrogen bonding and stacking interactions in the double helix. Owing to the mobility restriction imposed by the solid state, only very slight movements are possible. Local stretching and compression might occur, leading to loss of base-pairing and stacking. Bases might be turned outwards from the distorted double helix. At this stage, the phenomenon is entirely reversible upon rehydration. However, if the DNA is heated, mobility is sufficiently increased to lead to shifts of one chain with respect to its complementary chains, with the result that the bases become 'out of phase'. At this new stage, two alternative events may take place upon rehydration. If there are still one or several spots where the cognate bases are able to base-pair, the whole double strand reassociates immediately. If not, the chains separate completely. An alternative hypothesis has also been proposed by Sharma and Klibanov (82) to account for lyophilized DNA aggregation in the presence of moisture. The probability of separation obviously increases if the fragment size decreases. Either independently or not of this event, bases expelled from the double helix might stack between neighboring non-cognate chains to form small clusters. If given enough time or accelerated by heating, the clusters might then expand and become stronger, creating noncovalent cross-links that lead to irreversible aggregation.
The same mechanism (van der Waals interactions involving the bases) may explain DNA denaturation associated with irreversible adsorption on solid surfaces upon drying and even in solution (87) (88) (89) . While it is clear that (Right table) The term nt À1 is used to normalize the rates to one nucleotide to make the reaction rates independent of the size of the molecule. lyo: lyophilized; U: unknown; vac: sample kept under vacuum; vdr: vacuum-dried; crv: crimped vials; optub: open tubes; cltub: closed tubes; RT: room temperature; S1, S6: respectively Supplementary Data S1 and S6.
trehalose inhibits these phenomena, no mechanism for their inhibition has yet been demonstrated. Trehalose may act nonexclusively by stabilizing the DNA secondary structure, diminishing the molecular mobility or preventing immediate contact either between neighboring double helices or between DNA chains.
CONCLUSION
This work shows first that atmospheric water and oxygen are detrimental to DNA preservation at room temperature. Second, although the experiments were mostly done in the presence of atmospheric water and oxygen, it suggests that in the absence of both water and oxygen, DNA has a very long life time. Third, the DNA secondary structure is also likely preserved or restored upon rehydration, except possibly for DNA fragments smaller than 500 nt. Finally, these findings show that, if protected from water and oxygen, dehydrated DNA should maintain its primary and secondary structure for periods of time beyond the most demanding needs of conservation, thus validating the possibility of long-term room-temperature storage.
